Constant radiation use efficiency throughout the entire sugarcane crop cycle is often assumed for crop yield forecasting and management purposes. However, several examples are known where the linear relationship between cumulative intercepted radiation and biomass accumulation becomes uncoupled at some stage, with the latter declining by 21% in one reported case. This slowdown in growth is commonly referred to as the reduced growth phenomenon (RGP). In certain instances, this phenomenon appears to be related to the timing of crop initiation and harvesting. Summer-initiated sugarcane crops do not always resume expected growth rates after the transition from winter to spring, despite conditions being favourable for vigorous growth. Possible factors underlying the failure of sugarcane crops to realize full yield potential are reported and interrogated in this review. The potential involvement of lodging, flowering, and tiller mortality have been reviewed and the data suggest that, while such factors may contribute, they are unlikely to be the major causes of sugarcane RGPs. Similarly, reports indicate that temperature cannot account for reduced growth, as rates remain low despite the onset of favourable conditions in spring. In contrast, a decline in specific leaf nitrogen, potential initiation of sugar-mediated sourcesink feedback inhibition of photosynthesis, and increased rates of maintenance respiration that occur during sugarcane development and maturation appear to be likely factors contributing to RGPs. An evaluation of areas of sugarcane biology and agronomy that would benefit from further research towards overcoming yield restriction imposed by reduced growth phenomena is provided.
Introduction
Second-generation bioethanol production through the hydrolysis of lignocelluloses is highly desirable and the focus of much research and evaluation of suitable energy crop candidates (Waclawovsky et al., 2010) . For the purpose of bioenergy production, a crop should be fast growing and high yielding, and crop energy output must exceed fossil fuel energy input. In terms of satisfying the criteria above, sugarcane is currently the most promising energy crop (Waclawovsky et al., 2010) . However, despite its high yielding nature, the experimental maximum yield (212 t ha À1 ) for sugarcane (Waclawovsky et al., 2010) remains lower than those calculated from crop models (Monteith, 1977; Zhu et al., 2008) .
Under high input conditions, where water and nutrient availability for sugarcane (Saccharum spp hybrids) growth remains sufficient throughout the duration of the crop cycle, biomass accumulation is primarily driven by the amount of solar radiation intercepted by the green leaf canopy and the photosynthetic efficiency of conversion of intercepted radiation to dry matter . The radiation Abbreviations: APSIM, agricultural production systems simulator; RGP, reduced growth phenomenon; RSGP, reduced spring growth phenomenon; RUE, radiation use efficiency; SLN, specific leaf nitrogen. ª The Author [2010] . Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved. For Permissions, please e-mail: journals.permissions@oxfordjournals.org use efficiency (RUE) of a crop can therefore be defined as the ratio of biomass accumulated to intercepted radiation (Monteith, 1977) . Crop species differ in RUE (Sinclair and Muchow, 1999) but, despite these differences, many species sustain very consistent RUE values throughout the duration of the cropping season (Park et al., 2005) . Crop models therefore often use constant values of potential RUE when simulating plant growth during the season. In sugarcane, constant RUE throughout the crop cycle is also often assumed. However, there are several examples where constant RUE in sugarcane crops is not achieved throughout the full crop cycle. In affected crops there is a distinct uncoupling of the linear relationship between cumulative intercepted radiation and biomass accumulation, with the latter declining well before the harvest date (Rostron, 1972; Sweet and Patel, 1985; Muchow et al., 1994; Robertson et al., 1996; Wood et al., 1996; Park et al., 2005; Donaldson et al., 2008) . This slowdown in growth is commonly referred to as the reduced growth phenomenon (RGP). However, Lonsdale and Gosnell (1975) , Sweet and Patel (1985) , and Donaldson et al. (2008) reported another phenomenon in annual sugarcane crops started/harvested in summer, where the slowdown of growth starts with the onset of low temperatures during winter, but where the reduced growth then persists during the following spring despite temperature and water being favourable for resumption of vigorous crop growth. To distinguish this phenomenon, which is specific to summer-harvested crops, from RGP in general, it will be called the reduced spring growth phenomenon (RSGP) in this review. For the purpose of this review, RGP therefore cover all forms of growth slowdown, excluding RSGP.
The objectives of this paper are to: (i) review existing knowledge about the occurrence and factors that could be involved in RGP and RSGP; and (ii) identify priorities for research which must be addressed to enhance mechanistic understanding of these phenomena, with particular emphasis on RSGP.
Radiation interception, RUE, and biomass accumulation
Before reviewing existing knowledge on RGP and RSGP, it is necessary to have some understanding of how interception of solar radiation drives biomass accumulation in sugarcane. The efficiency of crop growth is determined by the amount of solar radiation intercepted and its conversion into dry matter. In order to increase commercial sugarcane biomass yield it would be necessary to increase inputs (water, fertilizer, etc.) or ensure better use of available resources by the crop (Park et al., 2005) . In well-irrigated crops, supplied with adequate nutrients, however, the amount of solar radiation intercepted and its conversion to dry matter (i.e. RUE) becomes the main driver of biomass accumulation. RUE of sugarcane is strongly dependent on temperature (Donaldson et al., 2008) .
Over a range of crop species it was found that under good growing conditions ;1.4 g of dry matter was accumulated for every mega joule (MJ) of solar radiation intercepted (Monteith, 1977) . Leaf quantum efficiency (moles of photosynthetically active radiation required to fix 1 mole of CO 2 ) and maximum leaf photosynthetic rate have a large impact on RUE values (Sinclair and Muchow, 1999) . Because of the higher efficiency of the C 4 photosynthetic pathway, it is not surprising that C 4 species such as maize and sugarcane generally have higher RUE values than C 3 species (Murata, 1981; Sinclair and Muchow, 1999) . For example, in sugarcane, RUE values of between 1.7 g MJ À1 and 2 g MJ À1 are quoted in the literature, with the higher values from crops where all trash was recovered and included in the calculation of total above-ground biomass.
Typically, for the calculation of maximum RUE, cumulative intercepted radiation (MJ m À2 ) over the duration of the cropping season is plotted against above-ground biomass (kg m À2 ) and a linear regression fitted to all the data points (e.g. Park et al., 2005) . The slope of the regression is then taken as the maximum RUE for the particular crop. As mentioned previously, many plant species sustain a very consistent RUE value during the entire growing season. This is also the case in many sugarcane crops, as indicated by the example shown in Fig. 1 . As a consequence, a constant value for RUE is often used in models of sugarcane growth such as APSIM (Keating et al., 2003) and Canegro v1 (Singels and Bezuidenhout, 2002) . With the relatively high values of maximum RUE Muchow et al., 1997) , sugarcane is regarded as one of the most productive crop species in terms of biomass accumulation. However, maximum yields can only be Fig. 1 . The relationship between aerial biomass and cumulative radiation intercepted in sugarcane crops where maximum RUE is being maintained throughout the full cropping cycle. The maximum RUE value can be calculated from the linear regression fitted to the data points. Data points represent averages of seven cultivars (redrawn from data in Donaldson et al., 2008 with permission). achieved if maximum RUE values are maintained throughout the growing season up to harvest.
RGP in sugarcane
There are several studies, however, that showed that RUE is not constant during the full cropping cycle in sugarcane (Muchow et al., 1994 Robertson et al., 1996; Wood et al., 1996; Evensen et al., 1997; Park et al., 2005; Donaldson et al., 2008) . In these crops, growth slows down well before harvest even though the main growth factors such as soil water availability, nutrient status, and temperature are all regarded as favourable for vigorous crop growth. This slowdown in growth is known as RGP, which lowers biomass accumulation to levels well below the full potential of the particular crop. In crops grown on a 2-year cutting cycle, RGP is often observed during the second year of crop growth when the cane is already relatively mature Muchow et al., 1997; Park et al., 2005) . The implication of this is that the observed high rate of biomass accumulation in some crops during the first year of growth is not necessarily continued into the second year.
However, in addition to crops on a 2-year cutting cycle, there are several examples of annual crops where RGPs were also observed (Rostron, 1972; Robertson et al., 1996; Wood et al., 1996; Park et al., 2005) . This implies that RGP is not only restricted to mature crops but can also occur when the cane is still immature, causing these annual crops not to realize their full yield potential. The distinct uncoupling of the linear relationship between cumulative intercepted radiation and biomass accumulation that occurs in these crops is illustrated in Fig. 2 using idealized data.
In a comprehensive study by Park et al. (2005) the extent of RGP within the Australian sugar industry, and its possible impact on biomass yields in affected crops, was investigated. Those authors analysed crop growth data obtained from 34 data sets on five different sugarcane cultivars over a wide range of locations and with different crop start and harvest dates. The conclusion was that RGP was observed in ;50% of the crops studied, suggesting that the phenomenon is frequently experienced in Australia. The impact of RGP on yield was also estimated and it was found that in crops that experienced RGP, final yields were on average 21% lower than potential yields estimated by assuming constant RUE. In affected crops, RUE remained constant (i.e. a linear relationship between aerial biomass and cumulative radiation intercepted) during the initial period of rapid growth that lasted anything from 223 d to 665 d after planting/harvest. During this rapid growth phase, RUE reached values as high as 1.81 g MJ À1 , but a slowdown in growth occurred thereafter and RUE dropped to values not exceeding 0.68 g MJ À1 in any of the affected crops (Park et al., 2005) . In South Africa, slowdown of growth in certain crops of the cultivar NCo376 was already reported as early as 1972 (Rostron, 1972) . Donaldson et al. (2008) recently showed in a number of different cultivars grown in South Africa that biomass yields in annual crops started in December (summer) were reduced by between 12% and 62% compared with crops started in July (winter). The average relationship between aerial biomass and cumulative radiation intercepted for seven of these cultivars for both start dates showed that, in the crops started in June, the linear relationship between aerial biomass and cumulative radiation intercepted was maintained for the full 12-month cropping cycle ( Fig. 3 ). In the crops started in December, however, the relationship was initially also linear but then a distinct uncoupling of the relationship, indicative of the onset of RGP, occurred. Further analysis of the data revealed that in those crops vigorous growth was not resumed in spring following the normal growth slowdown that occurred during the winter, despite the fact that these crops continued to intercept high levels of solar radiation. This particular phenomenon, which occurs in annually harvested crops started in summer, is defined here as RSGP instead of RGP. Interestingly, as mentioned above, the severity of RSGP differed between cultivars, with some experiencing mild or intermediate biomass yield reductions while others were more severely affected. Examples of these different responses are shown in Fig. 4 . Other researchers in South Africa also observed RSGP in sugarcane crops started in the summer (Rostron, 1972; Lonsdale and Gosnell, 1975; Sweet and Patel, 1985) . These summer crops consistently had lower yields than crops started at other times of the year. In Australia it was also shown that crops with a November/December (summer) start date had significantly lower cane yields than those with a start date at all other start times (McDonald, 2006) . Based on available evidence it would therefore appear that the growth of well-irrigated sugarcane crops supplied with adequate nutrition can be reduced by factors that affect both young and older high-yielding crops. In addition there appear to be factors that in particular affect crops younger than 365 d started in summer. In the following sections the possible factors that could be contributing to RGP and RSGP are discussed.
RSGP in sugarcane

Possible factors contributing to RGP and RSGP in sugarcane
Lodging Loss of crop erectness due to lodging has serious consequences for sugarcane crop quality and yield (Berding and Hurney, 2005) . By maintaining an erect crop using bamboo scaffolding, Singh et al. (2002) achieved up to 15% higher cane yields compared with treatments where the crop was free to lodge. Lodging causes smothering and breakage of cane stalks, which enables entry of microflora into the stalks. These factors often result in stalk death, which will reduce biomass accumulation leading up to harvest. It is quite possible, therefore, that lodging could be a factor involved in RGP. Robertson et al. (1996) observed the appearance of substantial dead millable stalks at ;60 d after lodging. Loss of live millable stalks as a result of stalk death caused by lodging will result in poor use of intercepted radiation.
In the comprehensive study conducted by Park et al. (2005) , the onset of lodging in relation to the commencement of RGP was determined. Those authors found that lodging and RGP co-occurred in 16 of the 34 trials used in their analysis. On average, lodging occurred 81 d before the onset of RGP. However, in three of these 16 trials, lodging only occurred after the onset of RGP. In the data set of 34 trials there were also nine trials where no RGP occurred despite the occurrence of lodging, as well as one trial where RGP occurred without the occurrence of lodging. Examples of some of the scenarios given above are shown in Table 1 . For example, the first row in Table 1 is an example of where lodging preceded the onset of RGP by 63 d and where actual biomass at harvest was 87% of the potential biomass that could have been achieved had RGP not occurred. However, the third row in Table 1 presents an example of a crop where actual biomass at harvest was 77% of the potential biomass, but in this case lodging followed the onset of RGP by 42 d. The inconsistency between the onset or presence of lodging and the onset or presence of RGP makes it difficult to determine how much of the reduction in growth that occurred after the onset of RGP can be ascribed to lodging per se.
In the analysis conducted by Donaldson et al. (2008) , only data sets where no lodging occurred were used, and the presence of RSGP in December-start crops (see Figs 3, 4) can therefore not be ascribed to lodging. In other crops, lodging was generally light and occurred both early and late in the season and could therefore also not explain the poor yield performance due to RSGP that occurred in crops started in summer (Sweet and Patel, 1985) . Rostron (1972) , however, found that the poor yield performance in crops with a December start was caused by lodging that occurred during September when the crop was 40 weeks old. Hence, depending on the extent and duration of lodging, it is certainly a factor that could induce RGP and RSGP in certain sugarcane crops.
Flowering
Flowering in sugarcane is an important factor that negatively affects cane yield and quality (Berding and Hurney, 2005) . Flowering places an upper limit on crop growth because it terminates the production of phytomeres at the apex of the main axis (culm), causing poor use of intercepted radiation in terms of biomass accumulation. Thus, it is potentially feasible that flowering could be involved in RGP and RSGP. However, Sweet and Patel (1985) did not find a good correlation between the intensity of flowering and the occurrence of RSGP. For example, RSGP also occurred during years when flowering was light. Rostron (1972) also noted the occurrence of RGP under good growing conditions in the absence of flowering. In several of the crops where Donaldson et al. (2008) noted the occurrence of RSGP, flowering did not occur. Park et al. (2005) documented RGP in numerous trials but in none of these did flowering occur to any great extent (<0.1% of flower stalks). The widespread involvement of flowering in the occurrence of RGP and RSGP therefore remains questionable.
Stalk death
In both plant and ratoon crops, a clear pattern of stalk population over the growing season is observed. In sugarcane crops, stalk numbers typically increase during the earlier part of growth up to a certain peak population followed by a steady decline over the remainder of the growing season (Inman-Bamber, 1994; Robertson et al., 1996; Bell and Garside, 2005) . Robertson et al. (1996) observed that the slowdown in biomass accumulation during RGP was caused by a decline in the number of live millable stalks due to accelerated rates of stalk death, which cancelled out biomass accumulation through the increase in the mass of the remaining live millable stalks. Those authors concluded that RGP would not have occurred if there had been no stalk death in the period close to harvesting. In other experiments conducted in Australia and Hawaii, the involvement of stalk death in the cessation of biomass accumulation was also demonstrated (Muchow et al., 1994 . The causes of stalk death were related to intra-and interplant competition, smothering or mechanical damage caused by lodging, as well as damage caused by pests. As discussed above, lodging often preceded the onset of RGP (e.g. Park et al., 2005) , and at least also in December-started crops in the RSGP observations made by Rostron (1972) . In the experiments conducted by Robertson et al. (1996) , the appearance of substantial numbers of dead millable stalks was noted ;60 d after lodging occurred, suggesting that lodging triggered the onset of RGP in these Table 1 . Crop age at onset of RGP and lodging (LOD) and actual biomass obtained at harvest expressed as a percentage (in parenthesis) of potential biomass (data from Park et al., 2005) In the first column +/-symbols, respectively, denote the presence or absence of lodging or RGP. The time of lodging relative to the onset of RGP is also provided, with positive and negative values indicating the number of days that lodging followed or preceded RGP, respectively. experiments through acceleration of millable stalk death. Muchow et al. (1997) also concluded that the final yield of crops grown for longer than 12 months depended to a large extent on the degree of stalk death, which was triggered by lodging. However, Park et al. (2005) noted the onset of RGP in crops where live millable stalk numbers remained constant. This finding, and the absence of lodging in several experiments where RGP and RSGP were noted, suggests that stalk death due to lodging or some other factors cannot explain the occurrence of these phenomena in all cases.
Temperature effects
The slowing down of biomass accumulation rates in sugarcane with the onset of cooler winter temperatures is well known in sugarcane (Rostron, 1971; Singels et al., 2005; Donaldson et al., 2008) . This forms an important component of the natural ripening process in sugarcane stalks, because at lower temperatures more sucrose is stored in the stalk due to a reduction in sink strength related to structural growth (see also below). However, upon resumption of warmer temperatures in spring, vigorous crop growth should again resume, but in crops affected by RSGP this is delayed (Donaldson et al., 2008) , indicating that low temperatures per se are not the cause of RSGP. Robertson et al. (1996) also found that cessation of biomass accumulation during RGP already commenced before mean daily temperature became limiting for crop growth and that biomass accumulation did not increase following the onset of warmer temperatures. By careful analysis of extensive data sets, Park et al. (2005) demonstrated that in only four of 17 field trials displaying RGP did temperature appear to be involved in the phenomenon. Those authors concluded that temperature appeared not to have played a substantial role in the reduction in RUE during RGP or that its role might have been masked by some other factors.
Specific leaf nitrogen (SLN)
When soil water is not a limiting factor, SLN content (g N m À2 ) is an important determinant of leaf photosynthetic rate and, therefore, of RUE (Sinclair and Horie, 1989) . Previous studies have shown that most of the N taken up by sugarcane occurs during the first 6 months of crop growth (Haslam and Allison, 1985; Thompson, 1988b) . The young crop is capable of storing considerable amounts of N for use during subsequent growth. As a consequence, there is typically a progressive decrease in SLN with sugarcane crop age (Hartt and Burr, 1965; Allison et al., 1997; Park et al., 2005) . Although it is commonly believed that low plant N close to harvest is necessary to increase sucrose content, it is entirely possible that SLN below a certain threshold may limit CO 2 assimilation capacity and therefore biomass accumulation. Hartt and Burr (1965) demonstrated a striking correlation between leaf N content and CO 2 assimilation rate in sugarcane. They observed large decreases in leaf N and CO 2 assimilation rates in sugarcane crops between 6 and 12 months of age. In another study it was shown that a linear relationship between SLN and CO 2 assimilation rate existed in sugarcane within the range of 1-1.7 g N m À2 , and model simulations indicated further that this restriction of photosynthesis could reach sizable proportions later during the crop life cycle (Allison et al., 1997 ).
An interesting observation in sugarcane is that, as the crop ages, the photosynthetic capacity of successive youngest fully expanded leaves becomes progressively lower (Hartt and Burr, 1965) (Fig. 5 ). Since the decrease in SLN with crop age appears to be a phenomenon in all leaf ranks within the green leaf canopy (Allison et al., 1997) , the progressive decline in photosynthetic capacity of young fully expanded leaves could, at least in part (see below), be caused by low SLN. Sinclair and Horie (1989) showed that when SLN decreased to below a certain threshold, RUE became very sensitive to changes in N due to the depression of photosynthetic capacity. In maize, the threshold for SLN below which RUE is reduced is regarded as 1.2 g N m À2 (Sinclair and Horie, 1989) . In sugarcane, Park et al. (2005) assumed the same threshold and found that the mean SLN at the onset of RGP was 1.2 g N m À2 and that the mean values of SLN across all experiments were significantly greater before than after the onset of RGP. The reduction in SLN after the onset of RGP was also not compensated for by an increase in leaf area index, and those authors concluded that the decline in SLN with crop age is associated with the occurrence of RGP. As mentioned previously, Allison et al. (1997) demonstrated a linear relationship between SLN and CO 2 assimilation rate in sugarcane within the range of 1-1.7 g N m À2 and found that SLN varied between 0.8 g N m À2 and 1.2 g N m À2 from the bottom to the top of the green leaf canopy at a crop age of only 45 weeks. These values are at or below the threshold of 1.2 g N m À2 regarded as limiting RUE in maize (Sinclair and Horie, 1989) . Hence, SLN must be Hartt and Burr (1965) .
regarded as an important factor that could contribute to the occurrence of RGP and RSGP.
An interesting possibility arises when the irrigated December and June crops (Fig. 3) in Donaldson et al. (2008) are compared in terms of crop age at the onset of warmer temperatures in spring, when fast rates of biomass accumulation would normally resume. In crops started in December, the age of the plants at the onset of the next spring was ;8 months compared with June crops that were only 2 months old at the same time. In crops which are 8 months old, light-saturated rates of photosynthesis of young fully expanded leaves could already have been more than 40% lower than the same leaves in 2-month-old crops (Fig. 5) . Therefore, the principle source leaves of crops started in December should have a much lower photosynthetic capacity, limiting exploitation of the favourable spring growth conditions, predisposing these crops to RSGP. Interestingly, based on available evidence, it appears that the decrease in SLN and photosynthetic capacity with crop age cannot be prevented by higher N application rates and that the reduction in biomass accumulation because of RGP and RSGP is not due to insufficient rates of N fertilizer applied (Allison et al., 1997; Park et al., 2005) .
Feedback inhibition of photosynthesis by high sugar content
Natural ripening in irrigated sugarcane during winter is primarily driven by low temperature, which causes a reduction in sink strength related to structural growth (Singels et al., 2005; Donaldson, 2009 ). Under these conditions, a larger proportion of the sucrose formed during photosynthesis is stored in existing stalk tissue. With the onset of warmer spring temperatures, however, vigorous crop growth normally resumes, causing a decline in stalk sucrose content on a fresh mass basis. Besides this well-known variation in stalk sucrose content on an annual cycle (Lonsdale and Gosnell, 1976; Sweet and Patel, 1985) , stalk sucrose content generally also increases with crop age (Rostron, 1971; Donaldson, 2009 ).
The possibility of high foliar sugar content in sugarcane being involved in the feedback inhibition of photosynthesis has been recognised for many years already (Hartt and Burr, 1965) . Those authors suggested that high sucrose content in a leaf blade will lower the photosynthetic capacity of that blade and that translocation of sucrose out of leaves could be of great importance in maintaining high photosynthetic rates. Interestingly, it has been shown that Saccharum spontaneum L., a low sucrose accumulator, has a 30% higher photosynthetic rate than higher sucrose accumulating commercial Saccharum spp. hybrids (Irvine, 1975) . Feedback regulation of sucrose metabolism through accumulation of photoassimilates in source leaves has been demonstrated in several other plant species including spinach, tobacco, and potato (Krapp et al., 1993; Krapp and Stitt, 1995) . High sucrose content in the stalk may result in changes in the rate of phloem loading (Lalonde et al., 2003) leading to altered sugar levels in the leaves.
Besides the lowering of photosynthetic rates, it is also known that high sucrose levels in leaves can, in principle, induce premature leaf senescence (van Doorn, 2008, and references therein) .
Recent work on sugarcane suggested that it is not foliar sucrose content per se that exerts feedback regulatory control over photosynthesis, but rather foliar hexose content (McCormick et al., 2006) . Those authors demonstrated a strong negative correlation between foliar hexose content and apparent carboxylation efficiency and CO 2saturated rates of photosynthesis, and suggested that changes in the foliar glucose pool could act as a signal. By employing a cold-girdling technique it was demonstrated that accumulation of sucrose and hexoses occurred in the leaves and that this was followed by a decline in photosynthetic capacity in affected leaves (McCormick et al., 2008a) . Those authors also demonstrated a negative correlation between hexokinase expression and photosynthetic rates in sugarcane leaves (McCormick et al., 2008b) , lending further support to the idea that glucose may constitute a signal that regulates photosynthetic activity in sugarcane as in some other plant species (Krapp et al., 1991; Kilb et al., 1995; Roitsch et al., 1995) .
In the cases where RGP was observed during the second year of crop growth in already relatively mature crops Muchow et al., 1997; Park et al., 2005) it is therefore possible that high stalk sucrose content could have resulted in feedback inhibition of photosynthesis, which in turn could have contributed towards the characteristic decline in biomass accumulation. Also in annual crops that experienced RSGP (Rostron, 1972; Lonsdale and Gosnell, 1975; Sweet and Patel, 1985; Donaldson et al., 2008) , where reduced growth was observed following the winter, high stalk sucrose content due to natural winter ripening could have been an important factor involved in the suppression of biomass accumulation through down-regulation of photosynthesis. At this point it would again be useful to compare the irrigated December and June crops (Fig. 3) in Donaldson et al. (2008) . In the crops started in December, the developmental stage of the plants at the onset of winter would have been such that substantial stalk tissue would have already been formed to allow for winter ripening. In the crops started in June, however, no stalks would have been formed, which would have prevented winter ripening. In December crops suffering from RSGP, the inability to resume fast rates of biomass accumulation during spring could therefore be caused through the negative feedback regulation of photosynthesis associated with high sugar accumulation during the previous winter.
Respiration
In higher plants, substantial amounts of photoassimilates produced each day are consumed by respiration during the same time period (van der Werf et al., 1992) . A distinction can be made between respiration required for plant growth (R g ) and that required for maintenance (R m ). Respiration within all living cells involves an R m component, whereas R g is specific to cells undergoing division during the process of biomass production (Hesketh et al., 1971) . Glover (1972) showed that the respiration rate of sugarcane depends on both biomass attained and ambient temperature, with larger crops having a larger R m component (required to maintain the higher biomass). Thompson (1988a, b) showed that a first ratoon crop of cultivar N14 initially accumulated above-ground biomass quicker than a plant crop. However, this advantage diminished with crop age so that both crops yielded similarly at harvest. The effects of higher respiration losses in the ratoon crop were proposed as at least a partial explanation for this phenomenon (Thompson, 1988a) . As biomass increases with crop age, the proportion of respiring to photosynthesizing tissue increases, causing a gradual decline in net productivity (Rostron, 1972) . When the irrigated December and June crops (Fig. 3) in Donaldson et al. (2008) are compared in terms of biomass attained at the onset of warmer temperatures in spring, the following possibility arises. In December crops, where a much higher biomass would have been attained compared with June crops, a higher demand for photoassimilates towards R m would exist at the onset of spring, while the warmer ambient temperatures per se would further favour higher respiration rates. High respiratory demand could thus exacerbate low carbon availability for allocation towards new structural growth in crops suffering from RSGP. In cases where RSGP might involve negative feedback regulation of photosynthesis associated with high sugar accumulation during the previous winter, high sugar content could also favour higher respiration rates, since positive correlations between carbohydrate content and respiration rate have been demonstrated in several other plant species (Fondy and Geiger, 1982; Stitt et al., 1990; Averril and ap Rees, 1995) .
Perspectives for further research on RGP and RSGP
With its high values of maximum RUE, sugarcane is a promising candidate as a sustainable bio-ethanol source. For this purpose, above-ground biomass production will become increasingly important for the generation of an energy cane (Waclawovsky et al., 2010) . However, this paper reviewed available evidence which shows that RUE is not constant during the full cropping cycle in sugarcane and that in many crops biomass accumulation slows down well before harvest due to phenomena that have been defined as RGP and RSGP. Park et al. (2005) and Donaldson et al. (2008) estimated substantial losses in biomass production in sugarcane crops affected by RGP and RSGP. As such a better understanding of the factors that could be involved in RGP and RSGP is crucial.
In this review several factors that could be involved in the induction of RGP and RSGP were considered. The four main factors that emerged were lodging with or without associated stalk death, low SLN, feedback inhibition of photosynthesis by high sugar content in mature or winterripened sugarcane, and high respiratory demand. There are numerous examples where it could be shown that lodging and lodging-induced stalk death occurred before the onset of especially RGP. It therefore follows that research towards better crop erectness could go a long way towards limiting RGP in high-yielding sugarcane crops. Berding and Hurney (2005) proposed that the solution to economic loss from lodging will most probably come from breeding efforts coupled to appropriate cultivation practices. An exciting possibility could also be the use of plant growth regulators, such as Moddus (Trinexapac-ethyl), to modify plant growth to lower the risk of lodging. Plant growth regulators have been used effectively in cereals to reduce the incidence of lodging (Rajala et al., 2002; Ramburan and Greenfield, 2007) . In Brazil a substantial amount of work has indicated that sugarcane ratoons treated with Moddus have a larger and more extensive root system than untreated controls (Resende et al., 2000) , emphasizing the need for detailed research on the effects of Moddus and other plant growth regulators on lodging in sugarcane.
However, there are also several examples where RGP and RSGP occurred in the absence of lodging or where lodging only occurred after the onset of reduced biomass accumulation. In these cases low SLN, feedback inhibition of photosynthesis by high sugar content, and high maintenance respiration rates could be key factors involved. Our understanding of the exact mechanisms involved in negative feedback between source and sink in sugarcane is still very limited, and the possibility for uncoupling the signalling pathways involved through transgenic approaches, which may lead to sustained higher photosynthetic rates even at high sugar levels, should be investigated further (McCormick et al., 2009 ). An even higher level of complexity needs to be considered in the form of the intimate link that exists between carbon and nitrogen metabolism in leaves. For example, it has been shown that low N status sensitizes leaves to high glucose concentrations, causing, for example, accelerated senescence rates (Wingler et al., 2004) . A scenario that needs to be investigated is the possibility that SLN below a certain threshold might increase the negative feedback regulation that high sugar levels potentially exert on photosynthesis. High respiration rates under conditions of elevated sugar concentrations could further lower carbon availability towards new structural growth. The possibility of sugarcane cultivars with greater ability to take up N later during the cropping cycle, or with higher N allocation towards the green leaf canopy, which could help to maintain SLN at higher levels in more mature crops, could be explored. Donaldson et al. (2008) reported substantial varietal differences in the extent of RSGP (Fig. 4) , indicating that considerable scope could exist to reduce the impacts of RGP and RSGP once our understanding of the mechanisms involved are more advanced.
The way in which these mechanisms (low SLN, feedback inhibition of photosynthesis, and high respiration rates) could potentially interact in manifesting reduced growth phenomena is depicted in a hypothetical scheme (Fig. 6) .
Crop simulation modelling could be helpful in investigating the plausibility of these mechanisms. These mechanisms can be represented by reasonably simple algorithms, which could be incorporated into existing process-based sugarcane crop models. Algorithms can then be activated or deactivated, individually or simultaneously, and simulations compared with growth data from experiments where RGPs were observed or not. This should shed more light on the plausibility of these mechanisms and the way in which they interact. The Canegro model (Inman-Bamber, 1991; Singels and Bezuidenhout, 2002) is a good candidate for such an exercise. It simulates two of the key processes involved in RGP, namely net photosynthesis (as a function of radiation, temperature, and water status; Singels et al., 2005) and maintenance respiration (as a function of total biomass and temperature; Singels et al., 2005) . It also simulates the processes of biomass partitioning and sucrose accumulation, and can therefore be used to investigate the plausibility of negative feedback of high stalk sucrose content on photosynthesis. The mechanism of low SLN causing RGP through reduced photosynthesis could possibly be tested with an algorithm that uses an empirical equation that estimates leaf N level from crop age, hence circumventing the need for a full N submodel. In this review use was made of a growing body of evidence, all based on biomass accumulation and RUE measurements, which supports the existence of RGP and RSGP under field conditions. Yet, to the best of our knowledge, no analogous studies focusing on the physiological processes, and the mechanistic basis underpinning varietal differences in RGP and RSGP, are available. This review provides direction for such physiological studies, which will be important in attempts to overcome sugarcane yield restrictions due to reduced growth phenomena. Fig. 6 . A simple Forrester diagram (Forrester, 1961) to illustrate the interconnections between driving factors, rate processes, and plant component states that could possibly explain the reduced growth phenomenon in sugarcane. Mass flow: the process of photosynthesis produces sugar mass that is consumed by the processes of maintenance respiration and structural growth. The latter builds plant structural mass. Information flow: the driving factors solar radiation, air temperature, and leaf nitrogen affect processes (positive effect-increased level of driving factor results in increased rate). Sugar and plant structural mass states affect process rates negatively (negative feedback on photosynthesisincreased level results in reduced photosynthetic rates) or positively (positive feedback on maintenance respiration). The driving factor leaf nitrogen also affects the feedback signal from sugar mass to photosynthesis rate positively (i.e. increased negative feedback on photosynthesis) if leaf nitrogen falls below a certain threshold.
